Electrorheological fluids constitute a type of colloids that can vary their rheological characteristics upon the application of an electric field. The recently discovered giant electrorheological (GER) effect breaks the upper bound of the traditional ER effect, but a microscopic explanation is still lacking. By using molecular dynamics to simulate the urea-silicone oil mixture trapped in a nanocontact between two polarizable particles, we demonstrate that the electric field can induce the formation of aligned (urea) dipolar filaments that bridge the two boundaries of the nanoscale confinement. This phenomenon is explainable on the basis of a 3D to 1D crossover in urea molecules' microgeometry, realized through the confinement effect provided by the oil chains. The resulting electrical energy density yields an excellent account of the observed GER yield stress variation as a function of the electric field. Electrorheological (ER) fluids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] are a type of colloidal dispersions which can vary their rheological characteristics through the application of an external electric field. The traditional ER mechanism is based on induced polarizations arising from the dielectric constant contrast between the solid particles and the fluid [6, 12] . The recent discovery of the giant electrorheological (GER) effect [7] [8] [9] [10] [11] [12] , in urea-coated barium titanyl-oxalate nanoparticles ½NH 2 CONH 2 @BaTiOðC 2 O 4 Þ 2 , or BTRU for short, dispersed in silicone oil, has shown that the theoretical upper bound of the ER effect is no longer applicable to this new type of materials. Instead, a phenomenological model of the GER mechanism, based on aligned urea molecular dipoles in the small contact regions of the nanoparticles, yielded an adequate account of the observed effect [7, 9, 12] . However, a microscopic picture of how this can occur has so far eluded persistent efforts. Moreover, as the GER effect is highly sensitive to whether the dispersing oil can wet the solid particles [10, 11] , in contrast to the traditional ER fluids, a natural question is how this observation can be integrated into a coherent GER mechanism. In view of the fact that the GER effect has now been reproduced in many different material systems and therefore is becoming a much more general effect [14, 15] , answers to the above questions would not only be timely, but may also shed light on how to devise general strategies for harnessing and controlling the large electric energy stored in molecular dipoles.
Electrorheological (ER) fluids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] are a type of colloidal dispersions which can vary their rheological characteristics through the application of an external electric field. The traditional ER mechanism is based on induced polarizations arising from the dielectric constant contrast between the solid particles and the fluid [6, 12] . The recent discovery of the giant electrorheological (GER) effect [7] [8] [9] [10] [11] [12] , in urea-coated barium titanyl-oxalate nanoparticles ½NH 2 CONH 2 @BaTiOðC 2 O 4 Þ 2 , or BTRU for short, dispersed in silicone oil, has shown that the theoretical upper bound of the ER effect is no longer applicable to this new type of materials. Instead, a phenomenological model of the GER mechanism, based on aligned urea molecular dipoles in the small contact regions of the nanoparticles, yielded an adequate account of the observed effect [7, 9, 12] . However, a microscopic picture of how this can occur has so far eluded persistent efforts. Moreover, as the GER effect is highly sensitive to whether the dispersing oil can wet the solid particles [10, 11] , in contrast to the traditional ER fluids, a natural question is how this observation can be integrated into a coherent GER mechanism. In view of the fact that the GER effect has now been reproduced in many different material systems and therefore is becoming a much more general effect [14, 15] , answers to the above questions would not only be timely, but may also shed light on how to devise general strategies for harnessing and controlling the large electric energy stored in molecular dipoles.
In this work we use molecular dynamics (MD) simulations to show that in a mixture of urea molecules with silicone oil chains confined between two bounding surfaces (denoted as substrates below) of a nanoscale contact, aligned urea molecular dipoles can form filaments snaking through the pores of the oil film to bridge the substrates. The required electric field for aligning the urea dipoles is found to be lowered by a factor of 2 to 3 in the presence of the oil chains, compared to that without the oil chains. Moreover, the formation of aligned dipolar filaments is an interfacial phenomenon, which directly implies the surface area scaling characteristic of the GER mechanism [8] that favors nanoparticle dispersions. A nonwetting oil would give rise to phase separation and the formation of large aggregates, thus suppressing the GER effect [10, 11] . We give a simple argument, involving the dimensionality dependence of the polarizability for molecular dipoles, to explain all the observed phenomena in the simulations. Calculated electrical energy density shows that the aligned dipolar filaments can give rise to very significant attractive interaction between the confinement substrates. Data sets for the GER yield stress are shown to exhibit scaling behavior explainable by our simulation results with reasonable parameter values. Furthermore, the mechanism of molecular dipole alignment under 1D confinement shows that the GER effect could be only one aspect of its manifested consequences. Formation of water filaments under constrained conditions may give rise to forces far stronger and longer in range than the van der Waals interaction. We give a plausible speculation on the fluctuation-induced molecular dipole alignment at the end of this Letter.
Owing to the nonideal thermodynamic nature of the urea-water solution, it is known that urea molecules tend to predominantly aggregate at the surface of hydrophilic solid particles [16, 17] , forming a (nonuniform) liquidlike coating [9] . Accordingly, we simulate our system of nanoparticles' contacts by two parallel bounding substrates, separated by a 2.9 nm gap. Molecular dynamics simulations were performed with the package GROMACS [18] , using parameterized force fields to describe urea [19] , polydimethylsiloxane (silicone oil) [20] , and water [21] molecules contained in a rectangular box with periodic boundaries. Force fields in the simulations arise from bonding interactions and nònbonding interactions, i.e., the van der Waals and electrostatic interactions. Bond lengths were constrained using the SHAKE [22] method, with a time step for integration of 2 fs. Long-range Coulomb interaction was calculated with the particle mesh Ewald algorithm [23] , using tin-foil boundary conditions, a grid spacing of 0.12 nm and a real-space cutoff of 1.1 nm. The van der Waals forces are cut off at the same distance, appropriate for the Lennard-Jones interaction potential. More details about the force fields are given in [24] ; their relevant parameter values have been widely used and scrutinized [24] . It should be noted that the coupling to the heat bath is accomplished via the Berendsen algorithm [25] .
Silicone oil (polydimethylsiloxane or PDMS) is considered to be part of the system, and we used methyl-group terminated silicone oil chains with 10 monomer units per chain. Silicone oil is a typical dispersant for the GER nanoparticles, with previous experimental studies showing the interaction between the nanoparticles to be dispersant dependent [11] . This indicates that the silicone oil chains have a crucial effect on the GER phenomenon. The fact that the silicone oil wets the particle is attributed to the presence of the oxalate groups in the core nanoparticles, and the nonuniformity of the urea coating. In this simulation we consider only a sandwichlike urea-silicone oil-urea mixture confined in the gap region, with one layer of water molecules at each boundary where they are each restrained to a configuration in equilibrium by a harmonic potential [26] . Both the presence of water as well as the ''soft'' restraining potential is physically reasonable as it is known that each barium titanyl-oxalate molecule carries ten water molecules, with seven of them associated with barium atoms and the remaining three occupying interstitial sites [27] . An equilibrium run was first performed at 298 K with no applied field. Because of the hydrophilic nature of urea and the hydrophobic nature of silicone oil, urea molecules were initially separated by a silicone oil film in the gap.
When the electric field was turned on, the urea molecules were seen to diffuse into the silicone oil layer from both sides, with their molecular dipoles generally aligned along the field direction, forming filaments that bridge the two sides of the gap. Figure 1(a) shows a snapshot taken from the simulation to illustrate the configuration of the system under a 0:2 V=nm electric field. The filament structure may be clearly discerned in the left panel of Fig. 1(a) . In the right panel we explicitly delineate the hydrogen bonds between the urea molecules in the filaments. A typical dipole moment in the filament is >3 D along the direction of the electric field. The formation of the filaments always starts at the substrates, and no formation of filaments was ever observed in our simulations for gaps >10 nm. Thus the formation of filaments (and therefore the enhanced alignment) is inherently an interfacial effect with a decay length <4-5 nm. Figure 1(b) shows the results of varying the gap size and finding the field at which the filaments are no longer observed. It is seen that for large fields, the gap size saturates at 8-9 nm. This essentially sets a length scale for the GER effect. Owing to the small magnitude of this length scale, the GER effect may be considered an interfacial phenomenon, with its magnitude scaling [8] with the interfacial area.
The electric field required to align the molecular dipoles may be defined by the point where the average jÀp ÁẼj energy becomes linear in E. It is found that in the present case the threshold field is $0:2 V=nm. We have also examined the case in which the oil chains are absent, replaced by a homogeneous dispersion of urea molecules with a density set at 1:32 g=cm 3 . The alignment field in that case is $0:5 V=nm. Thus the presence of oil lowers the aligning field by a factor of $2:5 [24] .
The formation of filaments, with the attendant lowering of the aligning field and the finite penetration length, may be attributed to the confinement effect exerted by the oil chains. Because of the hydrophobic nature of the oil chains, there are repulsive interactions between oil chains' methyl groups and atoms in the urea molecules that can act as either a donor or an acceptor when forming hydrogen bonds. Such repulsive interactions facilitate the formation of a single urea molecular file, consisting of multiple urea filaments confined to the ''axes'' of the hydrophobic pore space that is forced open by the urea dipolar file (left panel of Fig. 1(a) ]. Thus the confinement, which tends to decrease the entropic phase space of the urea dipoles, works in concert with the hydrogen bonding interactions [right panel of Fig. 1(a) ] to significantly increase urea dipoles' sensitivity to the applied field. That is, for 3D the thermally-averaged dipole moment along the field direction is given by the Langevin function hpi 3D =p 0 ¼ cothðp 0 E=k B TÞ À ðk B T=p 0 EÞ, where for urea molecules p 0 ¼ 4:6 D [28] . But for 1D, it is given by hpi 1D =p 0 ¼ tanhðp 0 E=k B TÞ [24] . At any given E, Áp ¼ hpi 1D À hpi 3D is always positive (e.g., at 0:3 V=nm it is 2.12 D); therefore ÀÁp E provides a driving force for the urea molecules to develop a more diffuse interface with the oil film, in the form of the 1D filaments' penetration. The width of the diffuse urea-oil interface should reflect the magnitude of the driving force. The presence of hydrogen bonds between the urea molecules in the filaments means that their energetic contributions (per urea molecule) can help to counterbalance those in the (3D) urea molecular dispersion. The electrical alignment energy thereby emerges as the dominant factor. We note that for hpi 1D ¼ hpi 3D ¼ 0:8p 0 , the required electric field value for the 1D case is only 0.25 times that of the 3D case. Thus the alignment field is considerably reduced by the dimensionality effect, just as observed in simulations. Moreover, as E ! 1, we have Áp ! k B T=E, which implies ÀÁp E approaches a constant value, Àk B T, independent of E. This is consistent with saturation behavior as seen in Fig. 1(b) . A more quantitative version of the theory will be reported elsewhere. We note that molecular filament formation has been observed in previous MD simulations [29, 30] under a different context.
The contact region between two nanoparticles is responsible for much of the overall rheological characteristics of the nanoparticle suspensions, and this is especially true for the GER effect, in which the suspension can become solidlike under an applied electric field, with an attendant yield stress. To obtain the relation between the yield stress and the electric field, we calculate the total potential energy density of the simulation box at different fields, with the zero-field total potential energy subtracted off. The resulting difference ÁE is negative, indicating a large attraction between the two bounding surfaces. Plotted in Fig. 2 is ÁW, given by ÁE divided by the volume of our simulation sample, 190 nm 3 , as a function of the electric field (red curve). Since the yield stress is directly proportional to ÁW as seen below, all the experimental yield stress vs electric field data should be able to be scaled onto this relation, if the simulated effect is indeed the GER mechanism.
The electric field at the contact region of two nanoparticles is enhanced by a factor of $ 100-300 (compared to the experimentally applied electric field) [31] , owing to the large dielectric constant of the nanoparticles and hence the field concentration effect at the contact region [9, 14, 15] . Thus 0:5 V=nm field in the gap region would correspond roughly to $5000 V=mm (or less) of experimentally applied field. From Fig. 2 , we obtain $25 MPa to be the energy density at 0:5 V=nm. This energy density must be scaled by a volume dilution factor for the energy density of the GER fluid, since the nanoscale gap considered here constitutes the region of closest approach between two nanoparticles. Hence the gap electrical energy should be averaged over a volume on the order of d 3 , d being the nanoparticle diameter. For d $ 50-100 nm and our sample volume of 190 nm 3 , $ 1000-10; 000. Both and are potentially measur-FIG. 2 (color online). Electrical energy density plotted as a function of applied electric field. Scaled data from three sets of experiments are superposed on the curve. The electric field E is obtained from the measured field E m by E ¼ E m , where is the field enhancement factor (see text for details). The measured yield stress Y is related to the electrical energy density ÁW by ÁW ¼ Y=10, where is the volume dilution factor. Sample 1 (Ref. [7] ) is a suspension comprising 50-70 nm nanoparticles dispersed in silicone oil; Sample 2 (Ref. [8] ) is composed of smaller particles; Sample 3 (Ref. [11] ) has slightly larger particles dispersed in hydroxyl-group-terminated silicone oil. The values of (, ) for samples 1, 2 and 3 are (281.2 ,7590), (100, 974), (100, 1010), respectively. able by using an atomic force microscope (AFM) with appropriate setup [31] .
The stress may be expressed as ¼ ð1=Þ½@ðÁWÞ=@", where " denotes the strain. For a linear stress-strain relation ¼ a", it follows that ÁW ¼ ð=2Þa" 2 . Here the factor 1 2 may be replaced by a larger factor if the stressstrain relation deviates from linearity at large strain values, but such deviations can be absorbed into the factor. Since yield stress Y ¼ y ¼ a" 0 , we have Y ¼ y ¼ 2ÁW=" 0 , where " 0 ¼ 0:2 (radian) is the strain at the yield point [7] . By suitably scaling the experimental data by and values as indicated in the caption to Fig. 2 , it is seen that all three data sets fall on the curve obtained from the MD simulations. As the values of and fall within the physically reasonable range, our simulation results thus offer a microscopic account of the GER effect.
A potentially new form of interaction between two polarizable substrates may arise from the relatively low molecular dipole alignment field of 0:2 V=nm. Consider the nanoscale gap as a small capacitor in thermal bath which would have k B T=2 of thermal energy in accordance with the equipartition principle [32, 33] . By equating this thermal energy to ChV 2 i=2, where C denotes the capacitance [34] and hÁ Á Ái denotes thermal averaging, it is easy to obtain ffiffiffiffiffiffiffiffiffi hV 2 i p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi k B T=C p $ 0:13 V for the system considered in this work, or a field $0:05 V=nm. Such an average field should already be able to partially align the permanent dipoles to some degree, especially if the gap is smaller than 2 nm. Moreover, the fluctuation effects can be enhanced for substrates that have asperities, leading to reduced local capacitance (therefore large local fields) and hence attractive forces on the two bounding surfaces that are much stronger and longer range than that from the van der Waals interaction. This work is supported by research Grants No. RGC602207 and No. RGC621006. S. C., X. H., and N. vdV. are grateful to Max Planck Institute for Polymer Research where part of the work was performed.
